Introduction {#sec1-1744806917733637}
============

Lumbar disc herniation (LDH) is the most common cause of radicular pain (RP), characterized by allodynia, hyperalgesia, and spontaneous pain. It impairs individuals' quality of life and work capability and thus has important social and economic implications.^[@bibr1-1744806917733637]^ It has been widely accepted that peripheral sensitization (increased excitation of primary afferent neurons) is involved in RP induced by LDH.^[@bibr2-1744806917733637],[@bibr3-1744806917733637]^ The role and mechanisms of central sensitization (long-term potentiation (LTP) of efficiency of synaptic transmission between primary afferent fibers and pain-processing neurons in spinal dorsal horn) in the generation and maintenance of RP remain unknown.

SFKs are nonreceptor tyrosine kinases that have been implicated in synaptic transmission and plasticity.^[@bibr4-1744806917733637],[@bibr5-1744806917733637]^ Previously, we have reported that SFKs activation in spinal microglia is necessary for the induction of spinal LTP which underlies central sensitization of pain transmission.^[@bibr6-1744806917733637]^ It has been suggested that peripheral nerve injury activates SFKs only in spinal microglia, and SFKs inhibitor PP2 suppresses nerve injury-induced mechanical allodynia,^[@bibr7-1744806917733637]^ suggesting that SFKs in spinal microglia are critical for neuropathic pain induced by nerve injury. However, whether SFKs are activated in rats with RP remains to be determined.

The activation of spinal microglia is crucial for the pathogenesis of chronic pain from nerve injury^[@bibr8-1744806917733637],[@bibr9-1744806917733637]^ and LDH.^[@bibr10-1744806917733637],[@bibr11-1744806917733637]^ In nervous system, activated microglia is the main source of pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin 1 -β (IL-1β).^[@bibr12-1744806917733637],[@bibr13-1744806917733637]^ Clinical research and animal experiments proved that cytokine antagonists may exert therapeutic effect on RP.^[@bibr14-1744806917733637],[@bibr15-1744806917733637]^ The causes and concrete mechanisms of microglia activation in RP are still not clear.

In the present study, the role of central sensitization and spinal SFKs on RP from LDH was evaluated in rats with nucleus pulposus (NP) implantation. We found that SFKs activation was involved in mechanical allodynia and central sensitization of rats with NP implantation; the mechanism may be related to spinal microglia activation, and the followed releasing of pro-inflammatory cytokines.

Materials and methods {#sec2-1744806917733637}
=====================

Animals and reagents {#sec3-1744806917733637}
--------------------

Male Sprague-Dawley rats weighting 200 to 250 g were purchased from Guangdong Laboratory Animal Center. All animal experimental procedures were carried out in accordance with the guideline of National Institutes of Health on animal care and the ethical guidelines.

SFKs inhibitor PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo \[3,4-d\] pyrimidine, Calbiochem) and its inactive form PP3 (4-amino-7-phenylpyrazolo \[3,4-d\] pyrimidine, Calbiochem) were first dissolved in dimethyl sulfoxide (DMSO) to make a stock concentration of 50 mM, aliquoted in small volumes, and stored at −80℃. The stock solution was subsequently diluted to 1.2 µg/μl immediately before administration, and the final concentration of DMSO was \< 0.5%.

The primary antibodies used in the present study are the following: monoclonal rabbit anti-SFKs (phospho Y418) antibody (Abcam, USA, ab40660), polyclonal rabbit anti-β-actin antibody (Cell Signaling Technology, USA, \#4967), monoclonal mouse anti-neuronal specific nuclear protein (NeuN; neuronal marker, Abcam, ab104224), polyclonal goat anti-glial fibrillary acidic protein (GFAP; astrocyte marker, Abcam, ab53554), monoclonal mouse anti-ionized calcium-binding adapter molecule 1 (Iba-1; microglia marker, Abcam, ab15690), polyclonal rabbit anti-TNF-α (Abcam, ab6671), and polyclonal rabbit anti-IL-1β (Abcam, ab9722).

The second antibodies used in the present study are the following: horseradish peroxidase-conjugated immunoglobulin (IgG; Abcam, ab205718, ab6789), Cy^3^-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, USA, 111-165-003), fluorescein isothyocyanate (FITC)-conjugated donkey anti-goat IgG (Jackson ImmunoResearch, 705-095-003), and FITC-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, 715-095-150).

Drug administration {#sec4-1744806917733637}
-------------------

For intrathecal delivery of the drugs, rats were implanted with intrathecal catheters according to the method described previously.^[@bibr16-1744806917733637]^ Briefly, rats were intraperitoneally (i.p.) anesthetized with sodium pentobarbital (40 mg/kg). A sterile polyethylene-10 (PE-10; BD, USA) tube filled with saline was inserted through L5/L6 intervertebral space, and the tip of the tube was placed at the spinal lumbar enlargement level. Any rats with hind limb paralysis or paresis after surgery were excluded. The successful catheterization was confirmed on the next day after catheter implanting by bilateral hind limb paralysis following injection of 2% lidocaine (7 μl) through the catheter within 30 s. For drug administration, the rats were fixed in special fixation box with wakefulness, PP2, PP3, or DMSO solution (vehicle control) was injected from the tips of the catheters, starting 1 h before surgery and once daily (9:00 a.m.) thereafter for seven days. Drugs or vehicle were administered in volumes of 10 μl followed by a flush of 7 μl of saline to ensure drugs delivered into the subarachnoid space.

LDH model {#sec5-1744806917733637}
---------

LDH was induced by autologous NP implantation, as described previously.^[@bibr17-1744806917733637][@bibr18-1744806917733637]--[@bibr19-1744806917733637]^ Under sodium pentobarbital anesthesia (40 mg/kg, i.p.), a midline incision to the spine was made. All surgical procedures were performed on the left side. The paraspinous muscles were dissected free from the left spinous processes to expose the transverse processes. Left L4--L5 laminectomy was made. The facet joint, including articular processes, was carefully removed. The autologous NP (about 10 mg) obtained from coccygeal intervertebral discs was relocated on the lumbar nerve roots after laminectomy without compression. The control (sham) group received the same operation without NP implantation.

Behavioral test {#sec6-1744806917733637}
---------------

Animals were habituated, and basal pain sensitivity was tested before drug administration or surgery. Mechanical sensitivity was assessed with the up-down method described previously,^[@bibr20-1744806917733637]^ using a set of von Frey hairs with logarithmically incremental stiffness from 0.41 to 15.14 g (0.41, 0.70, 1.20, 2.04, 3.63, 5.50, 8.51, and 15.14 g). The 2.04 g stimulus, in the middle of the series, was applied first. In the event of paw withdrawal absence, the next stronger stimulus was chosen. On the contrary, a weaker stimulus was applied. Each stimulus consisted of a 6 s to 8 s application of the von Frey hair to the sciatic innervated area of hindpaw with a 5-min interval between stimuli. The quick withdrawal or licking of the paw in response to the stimulus was considered as a positive response.

Thermal hyperalgesia was tested using a plantar test (7370, UgoBasile) according to the method described by Hargreaves et al.^[@bibr21-1744806917733637]^ Briefly, a radiant heat source beneath a glass floor was aimed at the plantar surface of the hindpaws. Three measurements of latency were taken for each hindpaw in each test session. The hindpaw was tested alternately with \>5 min intervals between consecutive tests. The three measurements of latency per animal were averaged as the result of per test. The experimenter who conducted the behavioral tests was blinded to all treatments.

Electrophysiologic recording {#sec7-1744806917733637}
----------------------------

Recording of C-fiber-evoked field potentials in spinal dorsal horn has been described previously.^[@bibr6-1744806917733637]^ Briefly, following electrical stimulation of the left sciatic nerve with a bipolar silver chloride hook-electrode, field potentials were recorded in ipsilateral lumbar enlargement with a glass microelectrode (filled with 0.5 M sodium acetate, impedance 0.5--1 MX). The microelectrode was driven by an electronically controlled microstepping motor (Narishige Scientific Instrument Laboratory) from the spinal surface to a certain depth (100--500 µm). The recording depth was adjusted and confirmed until ideal C-fibers response was recorded. An A/D converter card (ADC-42, PICO) was used to digitize and store data at a sampling rate of 10 kHz. The test stimuli (0.5 ms duration, every 1 min) delivered to the sciatic nerve was used to evoke field potentials in spinal dorsal horn. The stimulus intensity was given from 0 to 30 V in an ascending order (0, 2.5, 5, 7.5, 10, 12.5, 15, 20, 25, and 30 V) manually. Each intensity was repeated five times, and the amplitudes of C-fiber-evoked field potential were recorded and averaged. As sciatic nerves have both A-fibers and C-fibers, the responses of C-fibers were distinguished and confirmed by high threshold (≥7 V) and long latencies (90--130 ms, corresponding to conduction velocities between 0.85 and 1.2 m/s). Amplitude of C-fiber-evoked field potential as shown in original recordings of [Figure 2](#fig2-1744806917733637){ref-type="fig"} (vertical line) was determined automatically by parameter extraction software. Baseline, indicated by dotted line, was determined by two highest points within the time range defined manually on either side of C-fiber responses (arrows).

Western blotting {#sec8-1744806917733637}
----------------

The dorsal quadrants of L4 to L5 spinal cord on left side were separated and were put into liquid nitrogen immediately, followed by homogenization in 15 mmol/l Tris buffer, pH 7.6 (250 mmol/l sucrose, 1 mM MgCl, 1 mM DTT, 2.5 mM EDTA, 1 m MEGTA, 50 mM NaF, 10 lg/ml leupeptin, 1.25 lg/ml pepstatin, 2.5 lg/ml aprotin, 2 mM sodium pyrophosphate, 0.1 mM NaVO~4~, 0.5 mM PMSF), and protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN). The tissues were sonicated on ice and then centrifuged at 14,000 g for 20 min at 4℃ to isolate the supernatant containing protein samples. The protein samples were stored at −80℃ until assayed.

Proteins were separated by gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). The blots were blocked with 5% w/v nonfat dry milk in TBST (20 mM Tris-base, pH 7.6, 137 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature and then incubated with monoclonal rabbit anti-SFKs (phospho Y418) antibody (1:1000) or mouse anti-Iba-1 antibody (1:500) or rabbit anti-TNF-α (1:500) antibody or rabbit anti-IL-1β (1:500) antibody overnight at 4℃ with gentle shaking. The blots were washed three times for 15 min each with TBST and then incubated with secondary antibody horseradish peroxidase-conjugated IgG (1:5000) for 1 h at room temperature, then the membrane was washed again, as mentioned earlier. The immune complex was detected by enhanced chemiluminescence kit (Pierce, USA). The band intensities on the membrane were analyzed by densitometry with a computer-assisted imaging analysis system (Kontron IBAS 2.0, Germany). The same membrane was stripped with stripping buffer (67.5 mM Tris pH 6.8, 2% SDS, and 0.7% β-mercaptoethanol) for 30 min at 50℃ and reprobed with polyclonal rabbit anti-β-actin antibody (1:1000), and detected as mentioned earlier. The optical density of p-SFKs or Iba-1 or TNF-α or IL-1β protein was determined by the ratio of the protein signal to the β-actin signal. These ratios were normalized to the control values.

Immunohistochemistry {#sec9-1744806917733637}
--------------------

Rats were perfused with 300 ml saline followed by 350 ml cold 4% paraformaldehyde (PFA, Sigma) in phosphate buffer (PB, 0.1 M, pH 7.4). The L4/5 spinal cord was removed, postfixed with the same fixative for 3 h, and then replaced with 30% sucrose in PBS for two days at 4℃. Transverse spinal sections (25 µm) were cut in a cryostat (Leica CM1900; −20℃) and processed for immunofluorescence according to the methods as described previously.^[@bibr22-1744806917733637]^

Briefly, all sections were blocked with 3% donkey serum in 0.3% Triton X-100 (Sigma) for 1 h at room temperature and incubated with rabbit anti-rat monoclonal p-SFKs antibody (1:400) overnight at 4℃, followed by incubation with Cy^3^-conjugated secondary antibody (1:400) for 1 h at room temperature. For double-labeled immunofluorence, spinal sections were incubated with a mixture of the p-SFKs antibody and anti-NeuN (neuronal marker, 1:500; Abcam) or anti-glial fibrillary acidic protein (astrocyte marker, 1:500) or anti-Iba-1 (microglia marker, 1:500), followed by a mixture of FITC- and Cy^3^-conjugated secondary antibodies (1:400) for 1 h at room temperature. The stained sections were transferred to glass microscope slides, stretched, and arranged using a small paintbrush. Sections were immediately examined with an Olympus IX71 fluorescence microscope (Olympus Optical, Tokyo, Japan), and images were captured with a CCD spot camera.

Statistical analysis {#sec10-1744806917733637}
--------------------

All data were expressed as means ± SEM. For behavioral analysis, the data between groups were compared with nonparametric test (Friedman analysis of variance (ANOVA) for repeated measurements). For the analysis of electrophysiological data, as 10 intensities of stimulus were given (0, 2.5, 5, 7.5, 10, 12.5, 15, 20, 25, and 30 V), the data were divided into 10 groups according to the stimulus intensity. At one certain intensity, the C-fiber responses in different groups were compared by Student's *t* test. For analysis of Western blotting, differences between groups were compared by ANOVA followed by Fisher's protected least significant difference (PLSD) post hoc analysis. The criterion for statistical significance was *P* \< 0.05. Statistical tests were performed with SPSS 13.0 (SPSS, USA).

Results {#sec11-1744806917733637}
=======

NP implantation induced mechanical allodynia and thermal hyperalgesia in ipsilateral hindpaws of rats {#sec12-1744806917733637}
-----------------------------------------------------------------------------------------------------

Consistent with the previous study,^[@bibr2-1744806917733637],[@bibr3-1744806917733637]^ rats with implantation of NP displayed mechanical allodynia and thermal hyperalgesia. Compared with sham group, 50% paw withdrawal threshold (PWT) in ipsilateral hindpaws of rats with NP decreased significantly from day 2 (*P* \< 0.05) to day 20 (*P* \< 0.01) after surgery ([Figure 1(a)](#fig1-1744806917733637){ref-type="fig"}). Paw withdrawal latency (PWL) in ipsilateral hindpaws of rats with NP decreased significantly from day 5 to day 20 (*P* \< 0.05; [Figure 1(b)](#fig1-1744806917733637){ref-type="fig"}). No significant changes of PWT or PWL on contralateral sides were detected between sham and NP groups ([Figure 1](#fig1-1744806917733637){ref-type="fig"}). Figure 1.NP implantation decreases PWT and PWL of ipsilateral hindpaws of rats. (a) PWT in ipsilateral hindpaws of NP group decrease significantly on day 2, 5, 10, 15, and 20 after surgery compared with sham group (*n* = 12/group, \**P* \< 0.05, \*\**P* \< 0.01). PWT in contralateral hindpaws are not different between NP and sham group. (b) PWL in ipsilateral hindpaws of NP group decrease significantly on day 5, 10, 15, and 20 after surgery compared with sham group (*n* = 12/group, \**P* \< 0.05). PWL in contralateral hindpaws are not different between NP and sham group. NP: nucleus pulposus; PWL: paw withdrawal latency; PWT: paw withdrawal threshold. Figure 2.NP implantation increases C-fiber-evoked field potentials of ipsilateral spinal dorsal horn. In the same stimulus intensity, amplitude of C-fiber-evoked field potentials of NP group (2, 5, 10, and 20 days) is significantly larger than that of sham group (*n* = 12/group, \**P* \< 0.05, \*\**P* \< 0.01). At top, two representatively original recordings of sham (left) and NP group 5 days (right) are shown, and traces between two arrows are C-fiber responses. Amplitude of C-fiber-evoked field potential (shown in vertical line of right original recording) is determined automatically by parameter extraction software. Baseline, indicated by dotted line, is determined by two highest points within the time range defined manually on either side of C-fiber responses (arrows). NP: nucleus pulposus.

C-fiber-evoked field potentials of spinal dorsal horn are increased in rats with NP {#sec13-1744806917733637}
-----------------------------------------------------------------------------------

Rats that showed mechanical allodynia and thermal hyperalgesia were chosen to perform electrophysiological test, and others without pain behaviors after operation (about 10%) were excluded. Electrical stimulus was delivered to the left sciatic nerve, and C-fiber-evoked field potentials of ipsilateral spinal dorsal horn were recorded. Stimulus intensity was controlled manually with the order described in the former part (Materials and methods section). Differences of C-fiber responses induced by one certain stimulus intensity between sham and NP group (2, 5, 10, and 20 days) were compared by ANOVA. NP implantation (from 2 to 20 days) induced a significant increase in C-fiber responses when the stimulus intensity reached the threshold (\**P* \< 0.05, \*\**P* \< 0.01, [Figure 2](#fig2-1744806917733637){ref-type="fig"}). Take one pair of data, for example, when intensity was 15 V, C-fiber responses in sham and NP 5 days group were 0.082 ± 0.021 mV and 0.281 ± 0.018 mV, respectively. The increased responses of C-fiber in NP group indicated the involvement of central sensitization in RP.

Expression of p-SFKs was upregulated mainly in microglia of ipsilateral spinal dorsal horn of rats with NP {#sec14-1744806917733637}
----------------------------------------------------------------------------------------------------------

The expression of p-SFKs in bilateral spinal dorsal horn was detected by Western blotting analysis. The protein level of p-SFKs in ipsilateral spinal dorsal horn was significantly higher in NP group than that in the sham group, starting from day 2 (\**P* \< 0.05) to day 20 (\*\**P* \< 0.01) after surgery ([Figure 3(a)](#fig3-1744806917733637){ref-type="fig"} and ([b](#fig3-1744806917733637){ref-type="fig"})). No significant difference of p-SFKs was detected in contralateral spinal dorsal horn between the two groups ([Figure 3(c)](#fig3-1744806917733637){ref-type="fig"} and ([d](#fig3-1744806917733637){ref-type="fig"})). Similar changes of p-SFKs were also observed in the spinal dorsal horn by immunohistochemistry ([Figure 3(e)](#fig3-1744806917733637){ref-type="fig"} to ([m](#fig3-1744806917733637){ref-type="fig"})). No signals were detected in the negative control groups, in which only the secondary antibody but not the primary antibody was added to the spinal sections ([Figure 3(h)](#fig3-1744806917733637){ref-type="fig"}). Immunofluorescence double staining showed that the p-SFKs were co-localized mainly with microglia ([Figure 4(a)](#fig4-1744806917733637){ref-type="fig"} to ([c](#fig4-1744806917733637){ref-type="fig"})), very few with astrocytes ([Figure 4(d)](#fig4-1744806917733637){ref-type="fig"} to ([f](#fig4-1744806917733637){ref-type="fig"})) but not with neurons ([Figure 4(g)](#fig4-1744806917733637){ref-type="fig"} to ([i](#fig4-1744806917733637){ref-type="fig"})). Figure 3.The expression of p-SFKs is significantly increased in ipsilateral spinal dorsal horn of rats with NP from day 2 to day 20 after surgery. (a, c) The bands respectively show the expression of p-SFKs and β-actin in ipsilateral and contralateral L4/5 spinal dorsal horn after surgery. (b, d) The histograms respectively show the quantification of p-SFKs normalized by β-actin in ipsilateral and contralateral side (*n* = 6/group, \**P* \< 0.05, \*\**P* \< 0.01). (e) Representative immunofluorescence staining (50×) shows the expression of p-SFKs in bilateral spinal dorsal horn of rats with NP. (f, g) Representative immunofluorescence staining (100×) shows the expression of p-SFKs in ipsilateral and contralateral spinal dorsal horn of rats with NP. (h) The photograph shows that no signal was detected in negative control experiments, in which only secondary antibody but no primary antibody was added (*n* = 2). (i)--(m) representative immnofluorenscence staining (200×) shows the expression of p-SFKs in spinal dorsal horn of sham, NP 2, 5, 10, and 20 days group (*n* = 6/group). Scale bars (e) = 400 µm; Scale bars (f, g) = 200 µm; Scale bars (h--m) = 100 µm. NP: nucleus pulposus; p-SFK: phosphorylated src-family kinase. Figure 4.p-SFKs are expressed mainly in spinal microglia, very few in astrocytes but not in neurons of rats with NP. Double immunofluorescence staining (200×) in ipsilateral L4/5 spinal dorsal horn between p-SFKs (red: (a), (d), and (g)) and Iba-1 (a microglia marker, green: (b)); GFAP (an astrocyte marker, green: (e)); and NeuN (a neuronal marker, green: (h)) shows that p-SFKs are located mainly in microglia (c), very few in astrocytes (f) but not in neurons (i) of spinal dorsal horn five days after surgery. Scale bars (a)--(i) = 100 µm (*n* = 6/group). NeuN: neuronal specific nuclear protein; GFAP: glial fibrillary acidic protein; Iba-1: ionized calcium-binding adapter molecule 1; NP: nucleus pulposus; p-SFK: phosphorylated src-family kinase.

SFKs inhibitor PP2 alleviated pain behaviors, decreased C-fiber-evoked field potentials, and reduced p-SFKs expression of rats with NP {#sec15-1744806917733637}
--------------------------------------------------------------------------------------------------------------------------------------

Then, whether the SFKs were involved in LDH-induced mechanical allodynia, thermal hyperalgesia, and central sensitization were tested. PP2, a specific inhibitor of SFKs was intrathecally injected, starting from 1 h before surgery and once daily thereafter for seven days. We found that compared with its inactivated form PP3 and vehicle, PP2 significantly increased PWT and PWL which were both decreased by NP from day 2 to day 20 ([Figure 5(a)](#fig5-1744806917733637){ref-type="fig"} and ([b](#fig5-1744806917733637){ref-type="fig"}), closed triangle; NP + vehicle vs. NP + PP2, \**P* \< 0.05, \*\**P* \< 0.01; NP + PP3 vs. NP + PP2, \#*P* \< 0.05). At the end of the experiments (day 20 after NP implantation), rats were recruited for electrophysiologic recording and molecular biological testing. Data showed that PP2 significantly decreased C-fiber response that was elevated by NP ([Figure 5(c)](#fig5-1744806917733637){ref-type="fig"}, closed triangle; NP + vehicle vs. NP + PP2, \**P* \< 0.05, \*\**P* \< 0.01; NP + PP3 vs. NP + PP2, \#*P* \< 0.05), and the increased expression of p-SFKs by NP implantation was significantly reduced by PP2 but not by vehicle or PP3 ([Figure 6(a)](#fig6-1744806917733637){ref-type="fig"} to ([e](#fig6-1744806917733637){ref-type="fig"}), \*\**P* \< 0.01). Figure 5.The decrease in PWT and PWL of ipsilateral hindpaws and the increase in amplitude of C-fiber-evoked field potentials of spinal dorsal horn in NP group are reversed by SFKs inhibitor PP2 but not by vehicle or PP3. (a, b) Compared with vehicle or PP3, intrathecal delivery of PP2 significantly increases the PWT and PWL of ipsilateral hindpaws in NP group (*n* = 6/group, NP + vehicle vs. NP + PP2, \**P* \< 0.05, \*\**P* \< 0.01; NP + PP3 vs. NP + PP2, \#*P* \< 0.05). (c) PP2 significantly decreases the amplitude of C-fiber-evoked field potentials of spinal dorsal horn in NP group (*n* = 12/group, NP + vehicle vs. NP + PP2, \**P* \< 0.05, \*\**P* \< 0.01; NP + PP3 vs. NP + PP2, \#*P* \< 0.05). NP: nucleus pulposus; PWL: paw withdrawal latency; PWT: paw withdrawal threshold. Figure 6.The increased expression of p-SFKs in spinal dorsal horn of NP group is moderated by SFKs inhibitor PP2 but not by vehicle or PP3. (a) The bands show the expression of p-SFKs and β-actin in ipsilateral L4/5 spinal dorsal horn in different groups. (b) The histograms show the quantification of p-SFKs normalized by β-actin. Compared with vehicle or PP3, PP2 significantly decreased expression of p-SFKs (*n* = 6/group, \*\**P* \< 0.01). (c)--(e) Representative immnofluorescence staining (200×) shows the expression of p-SFKs in sham group, NP + vehicle group, and NP + PP2 group. Scale bars (C--E) = 100 µm (*n* = 6/group). NP: nucleus pulposus; p-SFK: phosphorylated src-family kinase.

SFKs inhibitor PP2 obstructed microglia activation in spinal dorsal horn of rats with NP {#sec16-1744806917733637}
----------------------------------------------------------------------------------------

We further examined the activation of microglia in NP group and the role of PP2 on microglia activation. Western blotting data showed that Iba-1 was significantly increased in ipsilateral side of spinal dorsal horn of rats with NP ([Figure 7(a)](#fig7-1744806917733637){ref-type="fig"} and ([b](#fig7-1744806917733637){ref-type="fig"}), \*\**P* \< 0.01). Compared with vehicle or PP3, SFKs inhibitor PP2 significantly decreased the expression of Iba-1 in ipsilateral spinal dorsal horn of rats with NP ([Figure 7(a)](#fig7-1744806917733637){ref-type="fig"} and ([b](#fig7-1744806917733637){ref-type="fig"}), \*\**P* \< 0.01). Figure 7.The increased expression of Iba-1 in spinal dorsal horn by NP implantation is alleviated by SFKs inhibitor PP2 but not vehicle or PP3. (a) The bands show the expression of Iba-1 and β-actin in ipsilateral L4/5 spinal dorsal horn in different groups. (b) The histograms show the quantification of Iba-1 normalized by β-actin. Compared with sham group, NP implantation significantly increased expression of Iba-1 (*n* = 6/group, \*\**P* \< 0.01). Compared with vehicle or PP3, PP2 significantly decreased expression of Iba-1 (*n* = 6/group, \#\#*P* \< 0.01). Iba-1: ionized calcium-binding adapter molecule 1; NP: nucleus pulposus.

SFKs inhibitor PP2 alleviated the upregulation of TNF-α and IL-1β in spinal dorsal horn of rats with NP {#sec17-1744806917733637}
-------------------------------------------------------------------------------------------------------

In several pathological states, activated microglia may release pro-inflammatory cytokines such as TNF-α and IL-1β.^[@bibr23-1744806917733637][@bibr24-1744806917733637]--[@bibr25-1744806917733637]^ Both cytokines were demonstrated to be involved in chronic pain and central sensitization. ^[@bibr6-1744806917733637],[@bibr22-1744806917733637],[@bibr26-1744806917733637][@bibr27-1744806917733637]--[@bibr28-1744806917733637]^ Therefore, it was possible that the activated spinal microglia in LDH model may release TNF-α and IL-1β; inhibition of SFKs may decrease the expression of these cytokines.

Western blotting analysis demonstrated that NP implantation significantly increased protein level of TNF-α and IL-1β in spinal dorsal horn ([Figure 8](#fig8-1744806917733637){ref-type="fig"}, \*\**P* \< 0.01), and SFKs inhibitor PP2 decreased the upregulation of the cytokines ([Figure 8](#fig8-1744806917733637){ref-type="fig"}, \#\#*P* \< 0.01). Figure 8.The increased expression of TNF-α and IL-1β in spinal dorsal horn by NP implantation is alleviated by SFKs inhibitor PP2 but not vehicle or PP3. (a) The bands show the expression of TNF-α, IL-1β, and β-actin in ipsilateral L4/5 spinal dorsal horn in different groups. (b, c) The histograms respectively show the quantification of TNF-α and IL-1β normalized by β-actin. NP implantation significantly increased protein level of TNF-α and IL-1β in spinal dorsal horn (\*\**P* \< 0.01). Compared with vehicle or PP3, PP2 significantly decreased expression of TNF-α and IL-1β (*n* = 6/group, \#\#*P* \< 0.01). IL-1β: interleukin 1 beta; NP: nucleus pulposus; TNF-α: tumour necrosis factor-α.

Discussion {#sec18-1744806917733637}
==========

The present study demonstrated that autologous NP implantation to the spinal nerve produced unilateral prolonged mechanical allodynia and thermal hyperalgesia accompanied by increased efficiency of synaptic transmission in spinal dorsal horn. The behavioral and electrophysiological changes were correlated with increased expression of p-SFKs in microglia of ipsilateral spinal dorsal horn. Intrathecal delivery of SFKs inhibitor PP2 alleviated NP-induced mechanical allodynia and thermal hyperalgesia, decreased synaptic transmission efficiency, and reduced p-SFKs expression. Importantly, PP2 significantly inhibited the expression of Iba-1, TNF-α, and IL-1β in spinal dorsal horn. These results suggest that SFKs-dependent central sensitization, microglia activation, and the followed releasing of pro-inflammatory cytokines may be involved in NP-induced RP.

It is widely accepted that the mechanism of neuropathic pain includes two aspects: (1) peripheral sensitization: the altered expression, trafficking, and function of ion channels in primary afferent neurons which lead to high excitability of the neurons and increased production of pain signals and (2) central sensitization: the LTP of the efficiency of synaptic transmission between primary afferent neurons and the postsynaptic neurons in spinal dorsal horn which further exaggerate pain signals.^[@bibr29-1744806917733637][@bibr30-1744806917733637][@bibr31-1744806917733637]--[@bibr32-1744806917733637]^ Spinal LTP may be induced by electrical primary afferent fibers, inflammation, and injury of peripheral nerves.^[@bibr33-1744806917733637][@bibr34-1744806917733637]--[@bibr35-1744806917733637]^ The role and mechanism of peripheral sensitization in RP from LDH were extensively studied.^[@bibr2-1744806917733637],[@bibr3-1744806917733637],[@bibr36-1744806917733637]^ Anzai et al.^[@bibr37-1744806917733637]^ reported that responses of pain-processing neurons in superficial spinal dorsal horn were enhanced in rats with NP implantation, suggesting that central sensitization was involved in the process.^[@bibr37-1744806917733637]^ However, the mechanism is still unclear. Here, we compared the amplitude of C-fiber-evoked field potentials in different stimulus intensity between NP group (2, 5, 10, and 20 days) and sham group. When the intensity reached the threshold, C-fiber responses of NP group was significantly higher than that of sham group which further supported the involvement of central sensitization in RP.

We have reported that the activation of SFKs in spinal dorsal horn was required for the induction of LTP of C-fiber-evoked field potentials by electrical stimulation of sciatic nerve, indicating the importance of SFKs in central sensitization of pain transmission.^[@bibr6-1744806917733637]^ It is possible that the increased efficiency of pain-related synaptic transmission in rats with NP may be related to SFKs activation. As expected, p-SFKs expression in ipsilateral spinal dorsal horn was significantly increased in rats with NP implantation with a time course in accordance with the generation and maintenance of pain sensation (from day 2 to day 20 after surgery). SFKs inhibitor PP2 significantly decreased C-fiber-evoked field potentials and alleviated pain symptoms. The findings supported our hypothesis that spinal SFKs activation contributes to RP by inducing central sensitization.

It has been demonstrated that spinal activation of SFKs is involved in the development of chronic pain from peripheral nerve injury,^[@bibr7-1744806917733637]^ inflammation,^[@bibr38-1744806917733637]^ and cancer.^[@bibr39-1744806917733637]^ In the present study, in a rat model of LDH, the importance of spinal SFKs in RP from LDH was examined. Behavior test showed that autologous NP implantation produced an ipsilateral mechanical allodynia and thermal hyperalgesia, characterized by decreased PWT and PWL which are similar to previous reports.^[@bibr17-1744806917733637],[@bibr18-1744806917733637]^ The detailed findings that increased expression of p-SFKs was only found on ipsilateral but not on contralateral side of spinal dorsal horn further confirmed the role of SFKs activation on RP. All of the evidence suggests that the activation of SFKs may be a common mechanism for neuropathic pain from a different pathogenesis. As spinal SFKs mainly expressed in microglia, it is possible that the kinases may affect the function of spinal microglia.

Microglia are the resident immune cells mediating a number of pathological events in central nervous system. The morphological features of microglial activation include cell body hypertrophy with thickened and retracted processes, increased cell number, and increased staining of microglial markers, such as CD11b and Iba-1.^[@bibr40-1744806917733637],[@bibr41-1744806917733637]^ SFKs have been implicated as upstream molecules activated early after surface receptor activation leading to activation or inhibition of the immune response.^[@bibr42-1744806917733637]^ SFKs are also considered important activators of the Toll-like receptor family, playing key roles in regulating cytokine expression.^[@bibr43-1744806917733637],[@bibr44-1744806917733637]^ In accordance with previous study,^[@bibr10-1744806917733637],[@bibr11-1744806917733637]^ we found that microglia were obviously activated in ipsilateral spinal dorsal horn of rats with NP implantation; moreover, the expression of TNF-α and IL-1β in spinal dorsal horn was increased in rats with NP. Intrathecal delivery of SFKs inhibitor PP2 attenuated the upregulation of Iba-1, TNF-α, and IL-1β, indicating the mechanism of SFKs in RP. These results suggested that in rats with RP, SFKs phosphorylation may lead to microglia activation and the followed releasing of TNF-α and IL-1β.

It is widely proved that pro-inflammatory cytokines, especially TNF-α and IL-1β, play crucial role in chronic pain and central sensitization. TNF-α and IL-1β were upregulated in dorsal root ganglia and spinal dorsal horn of rats with chronic pain from peripheral nerve injury,^[@bibr22-1744806917733637],[@bibr27-1744806917733637]^ diabetes,^[@bibr45-1744806917733637]^ and chemotherapeutics,^[@bibr46-1744806917733637],[@bibr47-1744806917733637]^ and the cytokines antagonists had positive effect on relieving chronic pain. In addition, TNF-α and IL-1β were proved to be sufficient and necessary to induce spinal LTP, which manifests central sensitization of pain transmission.^[@bibr6-1744806917733637],[@bibr26-1744806917733637],[@bibr48-1744806917733637][@bibr49-1744806917733637]--[@bibr50-1744806917733637]^ Clinically, TNF-α level in serum of patients with RP was significantly increased,^[@bibr51-1744806917733637]^ and epidural administration of TNF-α inhibitor etanercept alleviated pain symptoms for patients with LDH and spinal canal stenosis.^[@bibr14-1744806917733637],[@bibr52-1744806917733637]^ In animal model of LDH from NP implantation, spinal expression of TNF-α and IL-1β was increased.^[@bibr53-1744806917733637]^ TNF-α neutralizing antibody, TNF-α inhibitor infliximab ,or IL-1β antagonist attenuated mechanical allodynia of rats with NP implantation or nerve root compression.^[@bibr15-1744806917733637],[@bibr54-1744806917733637],[@bibr55-1744806917733637]^ These data suggested the importance of TNF-α and IL-1β in RP. Now, our present data demonstrated that the upregulation of TNF-α and IL-1β might be related to the SFKs and microglia activation in spinal dorsal horn. Drugs targeting SFKs or microglia activation may be helpful for alleviating RP from LDH. However, a recent clinical study showed that serum levels of TNF-α, IL-6, and IL-8 in patients with RP were significantly higher than that of healthy subjects.^[@bibr56-1744806917733637]^ Expressions of IL-6 in spinal dorsal horn and dorsal root ganglia were increased in a rat model of RP.^[@bibr57-1744806917733637]^ Therefore, it is possible that IL-6 and IL-8 may also be involved in the process, and whether they are downstream molecules of SFKs activation still needs to be proved.

Conclusions {#sec19-1744806917733637}
===========

The present study firstly demonstrated that spinal SFKs-dependent central sensitization may be involved in LDH-induced RP. The mechanism may be related to the activation of microglia and releasing of pro-inflammatory cytokines. Targeting SFKs might represent a new strategy for treating RP from LDH.
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